Abstract The incidence of metabolic disorders such as obesity and diabetes is on the rise, and food quality is not alone to blame. Sleep disturbances, altered feeding time and circadian disruption are linked to metabolic disturbances in many clinical research studies and cross-sectional analyses. This review tried to summarize the role of the circadian timing system and sleep on energy and metabolic homeostasis. We also tried to explain the molecular and endocrine mechanisms behind circadian misalignment and sleep disorders that lead to metabolic disorders.
Introduction
Obesity is a growing problem in the world, and it is estimated that more than 1.6 billion people are currently either overweight or obese [1] . Recent data from National Health and Nutrition Examination Survey (NHANES) indicate that around 33.9 % of the US adults (age 20 2 ), and 6.4 % are extremely obese (BMI of 40 kg/m 2 or more) [2] . Obesity is a major health problem, which is responsible for myriad other health problems such as diabetes, hypertension, hyperlipidemia, sleep apnea, osteoarthritis, depression and cancer [3] [4] [5] . According to the Centers for Disease Control and Prevention (CDC), more than 230 million people (9.3 % of the US population) are estimated to have diagnosed or undiagnosed diabetes, whereas more than 1 of 3 (86 million US adults) have pre-diabetes [6] . Therefore, identifying and characterizing the etiological factors are very important in counteracting the epidemics of obesity and diabetes.
Obesity is mainly caused by overconsumption of food rich in calories and saturated fat. Recent findings suggest quality of food is not alone to blame as timing of food also leads to metabolic derangement, causing obesity [4, 5] . In human beings, most of the essential biological functions (physiologic, metabolic and behavioral processes) show daily variations, called the circadian rhythm, which allow individuals to anticipate and prepare for periodic changes in the environment such as the light-dark (LD) cycle and food availability [5] .
The widespread use of electricity (light) and increased social demands (work, school, family) in the last few decades have significantly changed human sleeping patterns [7] . The average sleep duration has decreased from a healthy 7-9 h to B6 h in 30 % (40.6 million) of civilian employed US adults [8] . Sleep has been causally linked to the regulation of glucose homeostasis and appetite control [7] . Experimental and epidemiological data have linked sleep disturbances (both quantity and quality) to insulin resistance, obesity and diabetes in non-diabetic individuals as well as poor glycemic control in type 2 diabetes (T2DM) [7, 9] . Clinical research studies and cross-sectional analyses have also revealed that circadian misalignment (behavioral sleep-wake cycle not in synchrony with the biological circadian timing system) has an association with similar metabolic problems as seen with the sleep disturbances [9] .
Circadian timing system
The circadian timing system, a peculiar feature of most living organisms, allows organisms to anticipate and adjust their biological functions in response to environmental changes such as the LD cycle and feeding-fasting cycle [5, 10, 11] . Numerous biological functions of mammals, such as sleep-wake cycles, feeding behavior, central and peripheral tissue metabolism, hormonal secretion and cell cycle progression, are under direct control of the circadian timing system [5, [9] [10] [11] . The circadian timing system consists of a master (central) clock and a multitude of peripheral clocks. The master clock, located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus, is synchronized (i.e., reset) to the 24-h LD cycle primarily by light signals conducted via the retinohypothalamic tract (RHT) [5, 9] . The synchronized master clock then transmits the information via neuronal [central and autonomic nervous system (ANS)] and neuroendocrine pathways to the rest of the brain and to peripheral organs such as liver, heart, adipose tissue, adrenals, muscle, skin and pancreas, orchestrating the rhythmicity of many aspects of metabolism, behavior and physiology [5, 9] .
Circadian rhythms are endogenously generated in the SCN by the transcription-translation negative feedback loop involving a group of ''core clock'' genes [12] . The essential core clock genes are CLOCK (circadian locomotor output cycles kaput) or its analog Npas2 (neuronal PAS domain protein 2), BMAL1 (brain and muscle arntlike protein-1), Per 1-3 (period homolog 1-3), Cry 1-2 (cryptochrome 1-2), Rev-erb a and b (reverse viral erythroblastosis oncogene products a and b) and Ror a, b, and c (retinoic acid-related orphan receptors a, b and c) [5, 9, 13] . Three main autoregulatory feedback loops (a positive loop, a negative loop and an interconnecting loop) are responsible for the generation and fine tuning of circadian oscillations; for a detailed review, see Ref. [11] . In the positive feedback loop, CLOCK and BMAL1 dimerize (CLOCK:BMAL1) to activate E-box mediated transcription of Per and Cry genes. The negative feedback loop includes the genes Per and Cry, where they act as negative regulators of their own transcription by interacting with CLOCK:BMAL1 complexes. The interconnecting loop consists of Rev-erb and Ror genes, where they act antagonistically on the RORE (retinoic acid-related orphan receptor response element) to activate (Rev-erb genes) or repress (Ror genes) the transcription of the BMAL1 and Npas2 clock genes [5, 10, 14] .
SCN passes the time-keeping signals to the oscillators in peripheral tissues, which also contain core clock genes [15, 16] . Endogenous rhythms generated by SCN are synchronized to the outside world mostly by light [perceived by retinal photoreceptors (melanopsin, rods and cones)] via RHT [4, 15] . The master clock has specific sensitivity to the intensity of ambient light, which is a key element in the circadian timing system. Light exposure during the night can phase-shift the clock, while light exposure during the day has minimal or no phase-resetting effects [17] . Although peripheral clocks are synchronized to the LD cycle indirectly via the master clock, they can be markedly influenced by the timing cues related to the ingestion of food [15] . Not only the peripheral clocks, but also many central clocks (except for the master clock) in the brain are also easily phase-shifted by restricted feeding [15] . Foodentrained brain and peripheral clocks (e.g., liver, pancreas) become uncoupled from the SCN control and lead to a state of desynchronization [18] . Apart from ANS control by SCN and timing of food intake, peripheral clocks are also responsive to neuroendocrine hormonal signals and alterations in body temperature [19] .
Circadian rhythm and energy homeostasis
A functional circadian system and resultant synchronous inter-relationships between peripheral and central oscillators, in response to changing sleep-wake and feedingfasting cycles, are essential for maintaining appropriate homeostatic function [10, 20, 21] . Regulation of glucose homeostasis is an excellent example of coordination between central and peripheral oscillators, where plasma glucose levels are tightly controlled throughout the 24-h LD cycle in healthy individuals by the circadian regulation of b-cell insulin production, secretion and growth [10] . Many metabolically relevant hormones [cortisol, insulin, leptin, ghrelin, growth hormone (GH), adiponectin] show circadian oscillation with different daily patterns [4, 21] .
Cortisol secretion reaches its zenith in the biological morning (i.e., a time according to the circadian rhythm associated with the start of behavioral activity) and has its nadir during the early biological night (i.e., a time according to the original circadian rhythm associated with the start of behavioral inactivity), around 3 a.m. [4, 21] . GH typically peaks at sleep onset during slow-wave sleep (SWS), and the insulin level displays a modest diurnal variation with a nadir between midnight and 6 a.m. and a zenith between noon and 6 p.m. [4] . Several appetite-regulating hormones, such as leptin and ghrelin, display circadian rhythms. Leptin, an appetite-suppressing hormone secreted mainly by white adipose tissue (WAT), increases after meals and during the night, and it stays low during the day [4, 22] . Leptin also increases energy expenditure (EE) [4] . Ghrelin, produced mainly in the stomach, stimulates appetite, stimulates the release of GH, decreases EE and promotes gastric emptying [23] . The ghrelin level rises with fasting and during the early part of the sleep and decreases in the morning before awakening [21, 23] . Adiponectin, secreted by adipocytes in an inverse fashion compared to fat mass, displays some diurnal variability with lower levels during the night [4] . Adiponectin influences both EE (increases) and glucose metabolism (prevents insulin resistance) [4] .
Several direct and indirect pathways, which can influence the function of the SCN, connect the endocrine system with the SCN (Fig. 1) [3, 24] . Leptin, ghrelin and insulin can affect the SCN directly via the receptors present in the SCN [3] . Ghrelin exerts its effect in the lateral hypothalamus (LH) and arcuate nucleus (ARC) via the orexigenic neuropeptide Y/agouti-related protein (NPY/ AgRP) neuron [3-5, 25, 26] . Similarly, leptin exerts its effect in the ARC via the anorexigenic proopiomelanocortin/cocaine and amphetamine-regulated transcript (POMC/CART) neuron [3] [4] [5] 25] . The POMC neurons secrete a-melanocyte-stimulating hormone (a-MSH), which activates the central melanocortin signaling to reduce food intake and stimulate EE [27] . Although insulin, released from b-cells of the pancreas, lowers blood glucose peripherally and stimulates appetite, it inhibits appetite centrally in a leptin-like manner [5, 25] . The glucose-sensing neurons in the ventromedial hypothalamus (VMH), LH and ARC can communicate glucose-related information to the SCN [3, 5] . Similarly, AMP/ATP ratiosensing enzyme, the AMP protein kinase (AMPK) and NAD ? sensing SIRT1 (sirtuin type 1) convey the body's metabolic state to the SCN [3, 28] . A recent study showed that the circadian clock plays a critical role in the long-term homeostasis of the leptin endocrine feedback loop, ensuring a coupled circadian rhythm in food intake, physical activity, plasma leptin level, leptin receptor-B (LEBR-B)-mediated POMC signaling in ARC and EE [27] .
Melatonin, a hormone secreted by the pineal gland under the influence of SCN, is exclusively secreted during the night as light inhibits its production [4] . Melatonin, through its G protein-coupled membrane receptors MT1 and MT2, exerts its effects on SCN and peripheral tissues (especially pancreas a and b cells) [29] . Proinflammatory factors, such as interleukin 6 (IL-6), interleukin 1b (IL-1b), tumor necrosis factor a (TNF-a) and C-reactive protein (CRP), also display diurnal oscillations [4] . IL-2 displays double peaks, one peak at around 2 a.m. and the other peak at around 5 a.m. The IL-1b level reaches its nadir at 8 a.m., and the TNF-a level has its zenith at around 6 a.m. and nadir at around 3 p.m.; the CRP level increases in the morning [4] . These proinflammatory mediators (especially IL-6 and TNF-a) stimulate cortisol secretion [4] . Orexin neuropeptides (A and B), released from LH under the Fig. 1 Hormones and metabolic signals influence suprachiasmatic nucleus function (refer to text for details). AMPK AMP protein kinase, ARC arcuate nucleus, LH lateral hypothalamus, SCN suprachiasmatic nucleus, SIRT1 sirtuin type 1, VMH ventromedial hypothalamus influence of SCN, leptin, ghrelin and glucose, play an important role in modulating both the metabolic physiology and sleep-wake behavior [3, 4, 30] .
Sleep
Human sleep is divided into four distinct stages based on the patterns of eye movement, brain electric activity and skeletal muscle tone [7] : Stage 1, 2 and 3 [collectively called non-rapid-eye-movement (NREM)] sleep and rapideye-movement (REM) sleep. Stage 3 of the NREM sleep is also known as SWS [4, 9] . During a normal night of sleep, there are about four to six sleep cycles [9] . NREM and REM stages oscillate every 90-120 min, with short episodes of REM initially, but they increase progressively as the night advances [4, 7, 9] . Humans sleep approximately one-third of their lives, with NREM sleep taking 75-80 % of the share [4, 9] . The sleep-wake cycle is regulated in part by the internal circadian clock, which sets the body's internal sleep-wake timing, and in part by the homeostatic mechanism, which monitors the previous waking duration [3, 9, 21] . The circadian phase at which sleep occurs affects the distribution of sleep stages: the preferential distribution of SWS sleep toward the beginning of the sleep episode is linked to homeostatic mechanism, and the preferential distribution of REM sleep toward the latter part of the night is mediated by circadian oscillation [21] .
Energy metabolism during sleep
Sleep and wakefulness are contrasting physiological processes, and their differences are mirrored in the regulation of energy metabolism (substrate utilization and EE) [7, 21] . Metabolic needs for processes such as gut motility, breathing, muscular activity and heart rate are decreased during sleep, thereby reducing the energy requirement [4] . The whole body EE drops by 15-30 % during physiologic sleep, with the lowest EE during SWS [31] . Several observational studies indicate that REM sleep, which has the highest sleep-metabolic rate (SMR), may have a role in energy metabolism and obesity [21, 32, 33] .
Circadian sleep-wake oscillations have been described in glucose and lipid metabolism, which are independent of metabolic changes induced by food intake [7] . Plasma glucose levels show strong circadian oscillations with progressively increasing levels during sleep with the highest level in the early morning [34] . Increased hepatic output (SCN mediated), decreased skeletal muscle glucose uptake (SCN mediated reduction of skeletal muscle blood flow) and decreased glucose utilization by the brain (decreased neuronal activity during SWS) during sleep progressively increase the plasma glucose level [7] . Similarly, increased activities of lipoprotein lipase (LPL) and fatty acid synthase (FAS) in the adipose tissue during sleep progressively decrease the plasma lipid level [7, 35] .
Several hormones, responsible for the modulation of EE, glucose metabolism and appetite, show diurnal variability. Thyroid hormone, adiponectin and sympathovagal balance (a ratio between sympathetic and parasympathetic nervous system activity) influence EE; cortisol, GH and insulin modulate glucose metabolism; leptin and ghrelin regulate appetite [4] . The adiponectin and sympathovagal balance also has an influence on glucose control, and insulin shows an influence on central appetite regulation as well [4] . The thyroid-stimulating hormone (TSH) level rises at night [4] ; the adiponectin level decreases during the night [4] . The sympathovagal balance reaches a lower level during the night because of increased vagal tone [4] , and other hormones (cortisol, GH, insulin, leptin and ghrelin) show circadian variations as described earlier in this review.
Sleep disturbance and altered energy balance
Sleep disturbances, whether from insufficient sleep duration, abnormal sleep timing or poor quality sleep, are the results of human behavior overriding the normal physiologic sleep control mechanism [9] . Sleep disturbances have been implicated not only in the metabolic disorders (T2DM, obesity, insulin resistance) (Fig. 2) , but also in the impairment of cognitive performance as well as in the increased risk of morbidity and mortality [7, 9] .
Sleep deprivation (partial or short sleep) is associated with increased appetite (increase ghrelin, decrease leptin levels) and increased cravings for foods rich in calories, leading to a positive energy balance (increased energy intake but reduced EE) [3, 4, 7, 21, 36] . Sleep deprivation reduces the amount of REM sleep, thereby decreasing the SMR, causing central obesity (especially in women) and increased BMI in children and adolescents [4, 21, 32] . It has been shown that REM sleep may affect the normal functioning of the HPA axis [21] . Insulin resistance and bcell dysfunction develop in sleep deprivation, causing fasting hyperglycemia and postprandial hyperglycemia [37, 38] . It is believed that there is a causal role of the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic activation in the onset of b-cell dysfunction and insulin resistance [7, 9, 21] . The increased evening levels of cortisol in sleep deprived individuals are thought to show an impairment in negative feedback control of the HPA axis causing obesity [4, 9, 21] .
Similarly, there is an increased respiratory quotient (RQ), indicating a shift from fat toward carbohydrate oxidation, leading to increased fat deposition and causing weight gain and obesity [4, 39] . Several other hormones, which have roles in energy metabolism, also show deviation from the normal circadian oscillations after sleep deprivation. The TSH level decreases, and GH (insulin counter-regulatory hormone) shows a biphasic pattern (which may decrease muscle glucose uptake), causing a positive energy balance as well as insulin resistance [4, 9] . There is an increased sympathovagal balance (increased sympathetic activity and decreased parasympathetic activity) after acute sleep deprivation, decreasing insulin secretion [4, 9] . Increased sympathetic activity also stimulates lipolysis and increases free fatty acids (FFAs), leading to insulin resistance [40] . Short sleep stimulates proinflammatory mediators (IL-6, IL-1b, CRP and TNF-a), which, in turn, increase the risk of cardiovascular disease (CVD) and T2DM [9, 41] .
The sleep disorder obstructive sleep apnea (OSA) is worth mentioning; it has not only been recognized as an independent risk factor for CVD, but also been associated with a number of metabolic alterations such as insulin resistance, dyslipidemia, glucose intolerance and T2DM [7, 42, 43] . OSA is characterized by repetitive obstructions of the upper airways during sleep, causing intermittent hypoxia (IH) and fragmented sleep (total sleep duration is preserved but continuous sleep and its architecture are interrupted) [7, 9] . The prevalence of OSA in the general population is around 3-7 %, but its prevalence is on the rise because of the increasing prevalence of obesity (a major risk factor for OSA) [7, 44] . Several cross-sectional studies implicated OSA, as measured by homeostatic model assessment of insulin resistance (HOMA-IR), in impaired glucose tolerance and/or insulin sensitivity even after adjustment of various confounding factors including BMI [45, 46] .
Studies have shown that IH induces acute insulin resistance in rodents (e.g., mice) through various Fig. 2 A simplified schematic representation of the pathways linking sleep disturbances and circadian misalignment to altered glucose homeostasis and type 2 diabetes (refer to text for details). EE energy expenditure, GH growth hormone, OSA obstructive sleep apnea, REM rapid eye movement, SWS slow-wave sleep, TSH thyroid stimulating hormone, T2DM type 2 diabetes mellitus mechanisms, such as activation of hepatic lipid synthesis (causes hepatic insulin resistance), activation of the sympathetic nervous system and HPA axis (impairs insulin secretion), alterations in adipokines (e.g., adiponectin) and increased oxidative stress (causes b-cell proliferation and death) [47] [48] [49] . Healthy human volunteers, exposed to acute IH, showed a decrease in insulin sensitivity and glucose effectiveness (the ability of glucose itself in stimulating glucose uptake and suppressing glucose production) [50] . Recently, OSA has been associated with non-alcoholic fatty liver disease (NAFLD), and it was suggested that IH promotes hepatic injury (inflammation and fibrosis) and increase in key lipid biosynthesis [51] . Experimental studies have shown that sleep fragmentation causes decreased insulin sensitivity and impaired insulin secretion, suggesting an important role in glucose homeostasis [52] . Elevated night and morning cortisol levels, sympathetic activation and reduction in SWS duration have been implicated in the altered metabolic control in sleep fragmentation [53] .
Interestingly, some recent meta-analyses suggested a U-shaped relationship between sleep duration and the risk of type 2 diabetes [54, 55] . A recent study found that the long sleep duration can also adversely affect the metabolic outcomes, causing weight gain and increasing the risk of diabetes [56] . It has been suggested that long sleep duration also influences the energy intake and expenditure, albeit in a different way than for the short sleepers [56] . It has been proposed that reduced time for physical activity and age-related modification of the association between sleep and metabolic outcomes might have some role in the onset of metabolic abnormality in the long sleepers [56, 57] . Ongoing studies might shed some light in the mechanism of metabolic derangement in the long sleepers.
To summarize, sleep disturbances, whether sleep deprivation, sleep fragmentation or OSA, cause disturbances in the normal circadian rhythm of several factors responsible for appetite regulation, glucose metabolism and EE, leading to a positive energy balance [3, 4, 21] . The mechanism for metabolic derangement in the long sleepers is still under investigation.
Circadian disturbance and metabolic disorders
Circadian timing system can be disrupted mainly in two ways: an altered endogenous clockwork and altered rhythmic environment (change in the timing of LD cycles and change in behavioral activities such as sleeping, feeding and physical activity) [5, 9] . As mentioned earlier, clock genes are involved in numerous biological processes such as lipid and glucose metabolism [9, 11] . Alteration in the clock genes can have a detrimental effect on energy metabolism [5, 9] .
It has been shown that CLOCK mutant mice shift their activity and feeding behavior to their normal rest period (daytime) and have reduced EE at normally active period (nighttime), leading to obesity and severe metabolic alterations (hyperlipidemia, hepatic steatosis and hyperglycemia) [58] . BMAL1 clock gene deletion is found to increase sensitivity to insulin and suppress gluconeogenesis in mice, causing hypoglycemia during the resting period [5, 59] . Per clock gene mutation is found to have variable effects in mice: Per1 mutation caused increased glucose tolerance [60] , Per2 mutation caused attenuation of cortisone rhythm [5] , and Per3 mutation caused obesity [61] . Similarly, Rora and Rev-erba clock genes have been shown to take part in lipid homeostasis [62, 63] . It has been found that mice deficient in BMAL1, Per or Cry genes display distinct phenotypes of energy homeostasis under both entrained and jet-lagged conditions [27] . The transgenic mice lacking Per or Cry genes show opposite phenotypes of EE, body weight and body composition because of a distinct disruption of the leptin-mediated central melanocortin signaling [27] . An experimental study on leptin lacking (ob/ob) mice showed that peripheral circadian clock impairment precedes the metabolic abnormalities, suggesting that leptin deficiency may cause peripheral clock impairment, leading to metabolic abnormalities such as obesity, hyperglycemia, hyperinsulinemia and hypercholesterolemia [64] . Studies have shown that rhythmic expression of clock genes is attenuated in the peripheral organs such as liver and adipose tissue of experimental models of diabetes and obesity, such as KK (mild form of obesity and diabetes) and KK-A y (severe form of obesity and diabetes) mice, suggesting the role of peripheral clocks in the energy homeostasis [65] . It is to be noted that 10 % of genes in the liver exhibit circadian regulation, and the analysis of gene expression based on a single observation may overlook the effect of obesity and diabetes on the hepatic mRNA levels of several clock genes [66] . Similarly, peripheral tissue such as leucocytes in patients with T2DM show a dampened rhythmic mRNA expression, which appears to be closely associated with the pathophysiology of T2DM [67] .
Circadian misalignment, both a phase advance and phase delay, results in the disruption of the normal phase relationship between REM and SWS sleep (Fig. 2) [21] . REM sleep becomes relatively phase advanced to SWS with reduced REM sleep latency and increased REM sleep duration [21] . This results in a shorter REM sleep duration during the second part of the night, disrupting the normal HPA axis rhythm [21] . The overall effect of this disruption is higher cortisol levels, higher fasting glucose levels and higher HOMA-IR index, leading to insulin resistance and obesity [21, 68] . Circadian misalignment (e.g., night shift work, jet lag) in humans impairs glucose tolerance and reduces sensitivity to insulin [34] . The degree of circadian misalignment is dependent on the chronotype (an individual's preference for being a particular time person) of an individual, and late chronotypes have a greater degree of circadian misalignment [9] . Late chronotypes were associated with increased risk of diabetes and metabolic syndrome [9] .
Mice exposed to constant bright light or dim light during their usual biological night were shown to shift their food intake into the inactive phase [9, 69] . This was associated with reduced glucose tolerance and increased body mass [69] . Aligning meals in a circadian way may have beneficial metabolic effects on insulin sensitivity, diet-induced thermogenesis and fasting lipid profiles [21] . Regular eating was associated with greater postprandial thermogenesis, lower energy intake, and lower fasting total and lowdensity lipoprotein (LDL) cholesterol [21] . When the temporal pattern of food intake is altered, the body's metabolic state is conveyed to SCN via AMPK, SIRT1 and glucose-sensing neurons in VMH, LH and ARC, and then the function of SCN will be influenced [3] . Food intake at the wrong time (biological inactive phase) has been linked to obesity [3] . Also, low nocturnal melatonin levels, decreased as a result of increased duration of light exposure, have been associated with diabetes and metabolic disturbances [9, 70] . Genetic studies have also recently linked MTNR1B (gene encoding MT2) to abnormal glucose metabolism and diabetes risks [71, 72] . It is plausible that melatonin may act as an internal signal synchronizing SCN and peripheral clocks, especially pancreas a and b cells, and help in maintaining glucose homeostasis [9] .
As mentioned earlier, the circadian clock plays a critical role in controlling the leptin endocrine feedback loop to maintain the homeostasis of energy balance. The effects of acute and chronic circadian disruption/dysfunction are different. With acute disruption, there will be reduced expression of leptin in the adipose tissue, leading to a shift in energy balance and weight gain [27] . However, in the chronic circadian disruption, such as chronic jet lag, there will be progressive gain in body fat and weight and an increase in the serum leptin, but the POMC signaling in the ARC neurons will be dampened, resulting in leptin resistance [27] . It is postulated that chronic circadian disruption/dysfunction may contribute to obesity in humans [27] .
Some recent studies on nocturnal and diurnal organisms demonstrated multiple physiologic benefits of time-restricted feeding (TRF) such as reduced obesity, elevated lean body mass, longer sleep duration and gut homeostasis, without altering the quality and quantity of the diet [73, 74] . It has been demonstrated in a recent study that most humans eat frequently and erratically during the wakeful hours, and changes in the eating timing during weekdays and weekends, due to change in the sleeping pattern, can lead to so-called ''metabolic jetlag'' [75] . The same study also pointed out that reducing the temporal eating period can restore the feeding/fasting diurnal rhythm and reduce the ''metabolic jetlag,'' leading to decreased body weight and improved sleep [75] .
Conclusion
Metabolic disorders, such as obesity, insulin resistance and T2DM, are the undesirable gifts of the modern lifestyle. Changing patterns of sleep, feeding and activity are all to blame for the circadian misalignment and sleep disorders. We reviewed the molecular and endocrine mechanisms behind the circadian misalignment and sleep disorders that lead to altered energy and metabolic homeostasis. On the basis of this review, it is very tempting to recommend sleep hygiene, a regular feeding pattern and healthy food choices to curtail and/or prevent metabolic disorders in the general public. However, whether a 'one size fits all' approach will work in this situation is hard to answer.
The current researches have not specifically addressed the effects of age, sex, ethnicity, BMI, socioeconomic status and health status on the circadian and sleep disturbances. Most of the available data are either from rodent studies or from acute sleep restrictions in human studies, whose results cannot be translated into real-life situations as such. Further research is needed before we can make a firm recommendation. Recent findings of clock gene mutations and their effect on EE and metabolic homeostasis point to yet another exciting area to be explored. Future research on drugs targeting the molecular and endocrine mechanisms involved in circadian disruption and sleep disorders could shed some light on the treatment of metabolic disorders.
